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A chromosome-level genome assembly enables the
identification of the follicule stimulating hormone receptor
as the master sex-determining gene in the flatfish Solea
senegalensis
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Sex determination (SD) shows huge variation among fish and a high evolutionary rate,

adaptation to demersal life, compact genomes and diversity of SD mechanisms. Here,

we assembled the Solea senegalensis genome, a flatfish of great commercial value,
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between the assembly and the 21 chromosomes by using BAC-FISH. Whole genome
resequencing of six males and six females enabled the identification of 41 single nu-
cleotide polymorphism variants in the follicle stimulating hormone receptor (fshr) con-
sistent with an XX/XY SD system. The observed sex association was validated in a
broader independent sample, providing a novel molecular sexing tool. The fshr gene
displayed differential expression between male and female gonads from 86 days post-
fertilization, when the gonad is still an undifferentiated primordium, concomitant with
the activation of amh and cyp19ala, testis and ovary marker genes, respectively, in
males and females. The Y-linked fshr allele, which included 24 nonsynonymous vari-
ants and showed a highly divergent 3D protein structure, was overexpressed in males
compared to the X-linked allele at all stages of gonadal differentiation. We hypoth-

esize a mechanism hampering the action of the follicle stimulating hormone driving
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1 | INTRODUCTION

Sex determination (SD) refers to the mechanism controlling the
fate of the gonadal primordium at the initial stages of development
responsible for the sex of a mature individual. While highly con-
served and evolutionary mature SD systems have been reported
in mammals and birds, increasing data from ectothermic verte-
brates provide a sharply different picture (Guiguen et al., 2019;
Martinez et al., 2014). Fish display highly diverse chromosome
SD systems (Cioffi et al., 2017) and several master SD genes
have been reported in this group (Martinez et al., 2014). Among
them are: classical transcription factors such as dmy (Matsuda
et al., 2002; Wang et al., 2022), sox3 (Takehana et al., 2014) or
sox2 (Martinez et al., 2021); transforming growth factor p-related
genes such as gsdf (Herpin et al., 2021; Myosho et al., 2012) or amh
(Hattori et al., 2012; Pan et al., 2019) and its receptor amhr2 (Feron
et al.,, 2020; Kamiya et al.,, 2012; Nacif et al.,, 2022; Nakamoto
et al., 2021; Wen et al., 2022; Zheng et al., 2022); genes related
to the steroidogenic pathway such as bcarl (Bao et al., 2019) or
hsd17b1 (Koyama et al., 2019); and, finally, some unexpected, such
as the interferon-related sdY gene in salmonids (Yano et al., 2013).
The recent identification of several master SD genes in this group
has been associated with the highly contiguous and reliable
chromosome-level genome assemblies achieved via improvements
in long-read sequencing technologies, scaffolding and bioinfor-
matic approaches (Ramos & Antunes, 2022).

Flatfish (Pleuronectiformes) represent a fish order with no-
table adaptations to demersal life (Chen et al., 2014; Figueras
et al., 2016; Lu et al., 2021; Robledo et al., 2016; Shao et al., 2017).
They experience a remarkable metamorphosis from the bilateral
morphology of pelagic larvae to the flat morphology typical of
this group (LU et al., 2021; Shao et al., 2017). The adaptation to

the undifferentiated gonad toward testis.

follicule stimulating hormone receptor, genetic map, Senegalese sole, sex determination, whole

a demersal lifestyle promoted rapid diversification, reflected by
a higher molecular evolutionary rate than their bilateral counter-
parts (Lt et al., 2021). This rapid radiation also led to a large variety
of SD mechanisms, involving different master SD genes and non-
orthologous SD regions in all species analysed to date (Luckenbach
et al., 2009; Martinez et al., 2021). Flatfish genomes are compact
(~500-700Mb; Robledo et al., 2017; Lu et al., 2021), which has
facilitated chromosome-level genome assemblies in species from
several families of the order (Guerrero-Cézar et al., 2021; Lu
et al., 2021; Martinez et al., 2021).

Solea senegalensis is a valuable commercial flatfish which lives
on sandy or muddy bottoms, from brackish lagoons and shallow
waters to deeper coastal regions (Cabral, 2000; Diaz-Ferguson
et al., 2012). Further, it is a very promising aquaculture species (cur-
rently ~2000tons; Ana Riaza, pers. comm.), which has promoted the
development of a number of genomic resources and tools in the
last decade (Robledo et al., 2017), including a recent whole genome
assembly (Guerrero-Cozar et al.,, 2021). The species shows high
larval survival rates as compared to other flatfish, such as turbot,
and great capacity for adjusting to intensive production, the com-
mercial size being reached at the age of 1year (Morais et al., 2016).
Females show higher growth rate than males and mature at 3years
of age, while males do so at 2years (Vifas et al., 2013), so obtaining
all-female populations is an appealing strategy to increase growth
rate at farms. As with other Pleuronectiformes, the Senegalese sole
undergoes a process of metamorphosis at 10-12dph (days post-
hatching) and for about 7days to acquire the typical asymmetry
adapted to the benthic lifestyle of flatfish (Martin et al., 2019). An
important limitation for the expansion of S. senegalensis aquaculture
regards the low performance of F, males (born and reared in captiv-
ity) compared to wild specimens reared in captivity, hampering the
development of breeding programmes (Martin et al., 2019). Recently,
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Guerrero-Cozar et al. (2021) identified the follicule stimulating hor-
mone receptor as a candidate SD-determining gene using RADseq
but highlighted the need for further validation including functional
data. Understanding the mechanisms underlying reproduction, in-
cluding the SD mechanism, and how external cues are connected
to gonad development via neural communication, will be essential
to boost S. senegalensis aquaculture. Here, we constructed a new
highly contiguous genome assembly in S. senegalensis and integrated
all mapping resources (physical, genetic and cytogenetic), thus pro-
viding a robust framework for evolutionary genomics in pleuronecti-
forms and teleosts. This assembly was used to identify the putative
master SD gene of the species, the follicle stimulating hormone re-
ceptor (fshr), by resequencing a sample of males and females. The
pattern of variation observed confirmed an XX/XY system and en-
abled the development of a molecular tool for sex determination in
this species. Functional differences between male and female go-
nads were evaluated throughout gonad development, from the un-
differentiated primordium to maturation. Our study, supported by
gene expression data, three-dimensional protein structure predic-
tions and whole genome resequence analysis of males and females,
suggests that a functionally divergent, overexpressed Y-linked allele
of the follicle stimulating hormone receptor (fshry) may determine
the testis fate of the undifferentiated primordium in S. senegalensis.

2 | MATERIALS AND METHODS
21 | Samples

Biological and genomic metadata of Solea senegalensis samples ana-
lysed in this study are given in the supporting Table Metadata.

2.2 | DNA sequencing
2.21 | Long-read whole genome sequencing

High-molecular-weight DNA was purified from one female of S.
senegalensis whole blood using the Nanobind CBB Big DNA Kit
(Circulomics) following the manufacturer's instructions and eluted
in EB buffer (Qiagen). The sequencing libraries were prepared using
the ligation sequencing kit SQK-LSK109 from Oxford Nanopore
Technologies (ONT). Briefly, 4.0 pg DNA was DNA-repaired and
DNA-end-repaired using NEBNext FFPE DNA Repair Mix (NEB) and
the NEBNext Ultrall End Repair/dA-Tailing Module (NEB). Then, se-
quencing adaptor ligation, purification by 0.4x AMPure XP Beads
and elution in Elution Buffer (SQK-LSK109) was accomplished. The
sequencing runs were performed on a GridlON Mk1 (ONT) using a
Flowcell R9.4.1 FLO-MIN106D (ONT) and the sequencing data were
collected for 110hr. The quality parameters of the sequencing runs
were monitored by the MinKNOW platform version 4.1.2 in real
time and base-called with cuppy version 4.2.3.
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2.2.2 | Short-read whole genome sequencing

The short-insert paired-end libraries for whole genome sequenc-
ing (WGS) were prepared from DNA of the same female used
for long-read sequencing with a PCR-free protocol using KAPA
HyperPrep kit (Roche) with some modifications. In short, 1.0 pg of
genomic DNA was sheared on a Covaris LE220-Plus (Covaris) and
size-selected for the fragment size of 220-550bp with AMPure
XP beads (Agencourt, Beckman Coulter). The genomic DNA frag-
ments were then end-repaired and adenylated. Next, compatible
adaptors for lllumina platforms with unique dual indexes including
unique molecular identifiers (Integrated DNA Technologies) were
ligated. The libraries were quality controlled on an Agilent 2100
Bioanalyser with the DNA 7500 assay (Agilent) for size and quan-
tified by Kapa Library Quantification Kit for lllumina platforms
(Roche).

2.2.3 | RNA-Seq

Two different projects fed RNA data into our study, which included
mRNA and small RNA sequencing. In the first project RNA-Seq was
performed on brain, liver and head kidney using pools of two females
for each tissue. In the second one, RNA-Seq and small RNA-Seq
were was performed on vertebral bone, muscle, fin and 31 days after
hatching (dah) postlarvae using several juveniles (123 dah) or post-
larvae samples. Total RNA extraction was performed in both pro-
jects using the RNeasy mini kit (Qiagen) with DNase treatment. RNA
quantity and quality were evaluated with the Qubit RNA BR Assay
kit (Thermo Fisher Scientific), and RNA integrity was estimated by
using an RNA 6000 Nano Bioanalyser 2100 Assay (Agilent). Next,
single individuals or equimolar RNA pools of several individuals were
used for library construction of each tissue after evaluation of indi-
vidual RNA extractions.

The RNA-Seq libraries of the first project were prepared with a
KAPA Stranded mRNA-Seq Illumina Platforms Kit (Roche) follow-
ing the manufacturer's recommendations. Briefly, 500 ng of total
RNA was used for the poly-A fraction enrichment with oligo-dT
magnetic beads, following mMRNA fragmentation. Strand specific-
ity was achieved during the second strand synthesis performed
in the presence of dUTP instead of dTTP. Blunt-ended double
stranded cDNA was 3' adenylated before lllumina platform-
compatible adaptors with unique dual indexes and unique molec-
ular identifiers (Integrated DNA Technologies) were ligated. The
ligation product was enriched with 15 PCR cycles and the final li-
brary was validated on an Agilent 2100 Bioanalyser with the DNA
7500 assay.

The short-read WGS and RNA-Seq libraries were sequenced on
a NovaSeq 6000 (lllumina) in paired-end mode, with a read length of
151 bp for the WGS and 100bp for the RNA-Seq following the man-
ufacturer's protocol for dual indexing. Image analysis, base calling

and quality scoring of the run were done using the manufacturer's
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software Real Time Analysis (rta 3.4.4) and followed by generation
of FASTQ sequence files.

A similar methodology was applied for the second RNA-Seq
project with minor technical modifications: total RNA was extracted
using TRIzol Reagent (Life Technologies) and the quantity and pu-
rity of RNA were determined in a NanoDrop ND-1000 spectro-
photometer (NanoDrop Technologies). Samples of total RNA of the
different stages and tissues were delivered to Novogene-Europe for
constructing poly-A-enriched mRNA and small RNA libraries to be
sequenced in 150-bp pair-end and 50-bp single-end mode, respec-
tively, using an Illumina NovaSeq 6000 platform.

2.3 | Genome assembly

Before assembly, reads were preprocessed as follows: the Illumina
reads were trimmed using TRIM-GALORE version 0.6.6 (with options -
-gzip -q 20 --paired --retain_unpaired) (https://www.bioinformatics.
babraham.ac.uk/projects/trim_galore/) and the nanopore reads
were filtered using FiLTLONG version 0.2.0 (with options --min_length
5000 --target_bases 40,000,000,000) (FiltLong: https://github.com/
rrwick/Filtlong). The filtering of nanopore data ensured having reads
of at least 5 kb while optimizing for both length and higher mean
base qualities, keeping 40Gb (~65x coverage).

We assembled the filtered ONT reads with NexTDENOVO version
2.4.0 (https://github.com/Nextomics/NextDenovo) applying the
options: minimap2_options_raw=-x ava-ont, minimap2_options_
cns=-x ava-ont -k17 -w17 and seed_cutoff = 10 k. The resulting
contigs were polished with NexTroLisH version 1.3.1 (Hu et al., 2020)
using two rounds of long-read polishing and two rounds of short-
read polishing. This assembly (fSolSen1.1) was evaluated with susco
version 5.4.0 (Sim3o et al., 2015) using actinopterygii_odb10 in ge-
nome mode, and MErQURY version 1.1 (Rhie et al., 2020) for consensus
quality (QV) and k-mer completeness. Note that the Merqury QV is
computed as the Phred quality score treating E as the base error
probability QV = -10xlog,E. Finally, to compute the contiguity we
used our in-house script Nseries.pl (https://github.com/cnag-aat/

assembly_pipeline/blob/v2.0.0/scripts/Nseries.pl).

2.4 | Genome annotation

Repeats present in the fSolSenl genome assembly were annotated
with RepEATMASkER version 4-0-7 (http://www.repeatmasker.org)
using the custom repeat library available for Danio rerio. Moreover,
a new repeat library specific for our assembly was made with Rre-
PEATMODELER version 1.0.11. After excluding those repeats that were
part of repetitive protein families (performing a sLasT search against
UniProt) from the resulting library, REPEATMASKER was run again with
this new library in order to annotate the specific repeats.

The gene annotation of the assembly was obtained by com-
bining transcript alignments, protein alignments and ab initio gene
predictions. First, RNA-Seq reads obtained from several tissues and

developmental stages, either sequenced specifically in this study
(brain, liver, bone, muscle, head kidney, fin and 31 dah postlarvae)
or existing in public databases, were aligned to the genome with star
(Dobin et al., 2013) (version 2.7.2a). Transcript models were subse-
quently generated using sTrRINGTIE (Pertea et al., 2015) (version 2.0.1)
on each BAM file and then all the models produced were combined
using TAco version 0.6.2. pasa assemblies were produced with pasa
(Haas et al., 2008) (version 2.4.1) and the TRANSDECODER program,
which is part of the pasa package, was run on the pasa assemblies
to detect coding regions in the transcripts. Second, the complete D.
rerio, Scophthalmus maximus and Cynoglossus semilaevis proteomes
were downloaded from UniProt in April 2020 and aligned to the ge-
nome using spaLN (Slater & Birney, 2005) (version 2.4.03). Ab initio
gene predictions were performed on the repeat-masked fSolSenl
assembly with three different programs: ceneb (Parra et al., 2000)
version 1.4, aucusTus (Stanke et al., 2006) version 3.3.4 and GENE-
MARK-ES (Lomsadze et al., 2014) version 2.3e with and without in-
corporating evidence from the RNA-Seq data. The gene predictors
were run with trained parameters for human, except GENEMARK that
runs in a self-trained manner. Finally, all the data were combined
intoconsensus CDS models using evibeNcemopEeLER-1.1.1 (EVM, Haas
et al.,, 2008). Additionally, untranslated regions (UTRs) were identi-
fied, and alternative splicing forms annotated through two rounds
of pasa annotation updates. Functional annotation was performed
on the annotated proteins with BLast26o (Conesa et al., 2005). First,
a bIAMOND blastp (Buchfink et al., 2021) search was made against the
nr (last accessed May 2021) and Uniprot (last accessed August 2021)
databases. Then, INTERPROSCAN (Jones et al., 2014) was run to detect
protein domains on the annotated proteins. All these data were com-
bined by BLasT2Go, which produced the final functional annotation
results.

The noncoding RNA annotation required several steps. First,
those expressed transcripts that had been assembled by pasa but
that had not been annotated as protein-coding genes were tagged as
long-noncoding (Inc)RNAs. The reason for this step is that it helps to
have putative IncRNAs annotated before using annotation for down-
stream analysis. However, due to a lack of IncRNA conservation be-
tween species, no function was assigned to these IncRNA genes.
Moreover, in order to remove false positives, transcripts overlapping
with other protein-coding genes or repeats were not included in the
IncRNA annotation. Finally, only transcripts longer than 200bp were
considered IncRNAs.

We also used small RNA data from vertebral bone, mus-
cle, fin and 31 dah postlarvae to facilitate their annotation
in the S. senegalensis genome. The corresponding reads were
aligned with star (Dobin et al.,, 2013) (version 2.7.2a) with pa-
rameters  (-outFilterMultimapNmax 25 --alignintronMax 1
--alignMatesGapMax 1,000,000 --outFilterMismatchNoverLmax
0.05 --outFilterMatchNmin 16 --outFilterScoreMinOverLread 0O
--outFilterMatchNminOverLread 0). The resulting mappings were
processed to produce the annotation of small noncoding (snc)RNAs.
First, Taco was run to assemble the reads into transcripts. Transcripts
overlapping exons from the protein-coding or IncRNA annotations
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were removed from the set of sncRNAs. Finally, the program cm-
searcH (Cui et al., 2016) (version 1.1.4) that includes the embedded
tool INFERNAL (Nawrocki & Eddy, 2013) was run on the sncRNAs
against the RFAM (Nawrocki et al., 2015) database of RNA families
(version 14.6) in order to annotate products of those genes.

The final noncoding annotation contains the IncRNAs and sn-
cRNAs. The resulting transcripts were clustered into genes using
shared splice sites or substantial sequence overlap as criteria for

designation as the same gene.

2.5 | Genetic map construction and
genome reassembly

Six S. senegalensis breeders, three males and three females, were
used for producing three full-sib families using in vitro fertilizations
as described for the proof-of-concept experiment by Ramos-Judez
etal. (2021). Briefly, females were selected by maturity status and in-
duced to ovulate with an injection of 5 pg kg™ of GnRHa (Sigma code
L4513, Sigma), whilst no hormones were used on males. Gametes
were extracted from females and males using gentle abdominal
pressure, fertilized (1 male x1 female) and incubated in 30-L incuba-
tors. Larvae were randomly sampled from the incubators and placed
in 70% ethanol 8 days post-fertilization (dpf). All this work was per-
formed at the IRTA Sant Carles de la Rapita Center (Catalonia, Spain).

Library preparation for single nucleotide polymorphism (SNP)
calling and genotyping followed the 2b-RAD protocol (Wang
et al., 2012) with slight modifications (Maroso et al., 2018). The use
of this methodology for genotyping was successfully applied for
high-density genetic map construction in other flatfish such as S.
maximus (Maroso et al., 2018). Briefly, DNA samples were adjusted
to 80 ngpl'1 and digested using the llb type restriction enzyme Alfl
(Thermo Fisher). Specific adaptors and individual sample barcodes
were ligated and the resulting fragments were amplified. After PCR
purification, samples were quantified and equimolarly pooled. The
pools were sequenced on a NextSeq 500 lllumina sequencer in the
FISABIO facilities (Valencia, Spain). A total of 81, 77 and 71 offspring
from the three full-sib families founded (Fam1, Fam2 and Fam3, re-
spectively) were evenly mixed within each family and sequenced
in three independent runs with parents also included at double
concentration.

Demultiplexed reads according to the sample barcodes were
first trimmed to 36 nucleotides and a custom perl script was used to
remove reads without the Alfl recognition site in the correct position
(https://github.com/abhortas/USC-RAD-seq-scripts). Then, reads
were processed using the process_radtags module in sTAcks version
2.0 (Catchen et al., 2013), removing reads with uncalled nucleotides
or a mean quality score below 20 in a sliding window of 9 nucle-
otides. sowtie 1.1.2 (Langmead et al., 2009) was used to align the
filtered reads against the assembled genome (see above), allowing a
maximum of three mismatches and a unique valid alignment. Finally,
the output files were used to feed the gstacks module in sTacks, using
the marukilow model to call variants and genotypes.
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To build the genetic map, SNPs with extreme deviations from
Mendelian segregation (chi-square; p<.001) were removed, and
only informative SNPs genotyped in at least 60% offspring were
used. The grouping function of Joinmap 4.1 (Stam, 1993) was used
to build linkage groups (LGs), based on an increasing series of LOD
scores from 7.0 to 10.0 to accommodate to the 21 chromosomes
(C) of the S. senegalensis karyotype (Vega et al., 2002). Marker or-
dering was performed using the maximum likelihood (ML) algorithm
with default parameters with the Kosambi mapping function used to
compute centi-Morgan (cM) map distances. Consensus maps were
built using mMercemap (Wu et al., 2011) and visualized with MAPCHART
2.3 (Voorrips, 2002) and circos software (Krzywinski et al., 2009).

CHROMONOMER 1.13 (Catchen et al., 2020) was used with default
parameters to anchor and orient the contigs of the genome to the
genetic map. cHROMONOMER assigns each scaffold to an LG and find
the maximum set of nonconflicting markers to assign a forward or
reverse orientation to the contig. Further, the correspondence be-
tween genetic map and contigs enabled the manual curation of orig-
inal contigs that mapped to different LGs. This occurred with the
longest contig (see Results), which was split into two fragments at
a specific position following the method of Maroso et al. (2018).
Briefly, we first considered the middle of the gap between the two
markers that flanked the two fragments mapping on different LGs
according to cHRoMONOMER information, and then refined the break-
point by comparing the sequence between both markers with or-
thologous regions of other flatfish chromosome-level genomes
available in Ensembl. The program rRIDEOGRAM was used to visualize
the correspondence between genome contigs and chromosomes
(Hao et al., 2020).

2.6 | Cytogenetic map and mapping integration

The BAC clones used for mapping came from an S. senegalensis BAC
library including 29,184 clones (Garcia-Cegarra et al., 2013). To es-
tablish the correspondence between LGs/genome scaffolds and
the chromosomes for mapping integration, 141 BAC clones previ-
ously positioned on chromosomes using BAC-FISH (bacterial artifi-
cial chromosome fluorescence in situ hybridization) were located in
the 21 scaffolds of the genome by a megablast search tool from the
blast algorithm (Altschul et al., 1990) using the following parameters:
Evalue < E-20; max_hsps = 10; sequence overlap >5 kb. Alignments
were visualized with the Integrative Genomics Viewer (icv) program

(Robinson et al., 2017) and manually explored.

2.7 | Sexdetermining (SD) gene candidates

DNA extracted from fin-clips of six adult males and six adult females
was resequenced using 150-bp paired-end reads on an Illumina
NovaSeq 6000 System to 20x coverage in the Centre Nacional
d'Analisi Genomica (CNAG, Barcelona, Spain) Platform following
the outlined short-read WGS protocol. The high-throughput SNP
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screening of the genome was expected to identify a narrow sex-
associated region to be further validated on specific markers in a
broad sample of males and females. The reads were filtered using
FasTP version 0.19.7 (Chen et al., 2018), trimming bases with Phred
quality <15 and reads with length <30bp, and then each sample
was aligned independently against the newly assembled reference S.
senegalensis genome using Burrows-Wheeler Aligner version 0.7.17
(Li & Durbin, 2009) with default parameters. A broad SNP data set
was identified and genotyped in those six males and six females
using samtooLs version 1.10 (Li et al., 2009) and SNPs showing qual-
ity scores below 20 were removed. This SNP data set was used to
estimate the relative component of genetic differentiation between
males and females (F¢;) and the intrasex fixation index (Fs) across
the whole genome using cenepop 4.7.5 (Raymond & Rousset, 1995).
F¢; and F ¢ values were averaged over 50 consecutive SNPs and ex-
plored using sliding windows across each chromosome of the ge-
nome to look for deviation from the null hypothesis (F¢; and F,g = 0).

2.8 | Developing a tool for sexing

As shown in the Results, fshr was the most consistent SD candidate
gene. It included a large number of diagnostic markers across its
whole length, homozygous in females and heterozygous in males,
which agrees with the XX/XY system reported for S. senegalensis
(Molina-Luzén et al., 2015). Several of these markers were used to
develop a molecular tool to identify sex using a noninvasive method
(e.g., from a fin-clip). This tool was valuable to assess gene expres-
sion across gonad development from the undifferentiated germinal
primordium, especially at those stages where the gonad was still
undifferentiated (see below). A SNaPshot assay used for SNP geno-
typing was developed for three diagnostic markers, chosen by their
technical feasibility (i.e., with no other polymorphism within +100bp
from the SNP), according to the resequencing information of six
males and six females, and using three different regions (exons 12
and 14, and 3'UTR). The SNaPshot assay consists of two consecutive
reactions; the first step involves the PCR amplification of the region
where the target SNP is located and the second a minisequencing
reaction from a primer adjacent to the SNP site using dideoxy nu-
cleotides. Thus, two flanking PCR primers and one internal primer
adjacent to the variable site were designed for genotyping each SNP
using pPrRIMER 3 software (Rozen & Skaletsky, 2000) taking flanking
sequences from our assembled genome. SNaPshot products were
separated in an ABI 3730x| Genetic Analyser (Applied Biosystems)
and results were analysed with cenemapPEr 4.0 software (Applied
Biosystems). PCR was performed on a Verity 96-Well Thermal Cycler
(Applied Biosystems) as follows: initial denaturation at 95°C for
5 min, 30cycles of denaturation at 94°C for 45s, annealing tempera-
ture at 58°C for 50s and extension at 72°C for 50s; a final extension
step was done at 72°C for 10 min. Subsequently, 1 ul of the PCR
product was purified by incubation with 0.5 pl illustra ExoProStar 1-
STEP Kit at 37°C for 15min followed by 85°C for 15 min to eliminate
unincorporated primers and dNTPs. The SNaPshot mini-sequencing

reaction was carried out using the SNaPshot Multiplex Kit (Applied
Biosystems) in an ABI Prism 3730xI DNA sequencer. For each re-
action, 1.5 pl of purified PCR product, 0.5 ul (2 um) of the internal
primer and 2 ul of SNaPshot Multiplex Ready Reaction Mix were
used in a final volume of 5 pl. The reaction profile consisted of initial
denaturation at 96°C for 1 min, 30cycles at 96°C for 10 s, 55°C for
5 sand 60°C for 30s. The extension product was incubated with 1 pl
of shrimp alkaline phosphatase at 37°C for 60 min followed by 85°C
for 15min to remove unincorporated dideoxinucleotides (ddNTPs)
after thermal cycling. The three sex-associated candidate SNPs were
checked in a small sample of adult males and females for SNaPshot
performance, and then, the best one was validated in a large sample
of 48 male and 48 female S. senegalensis adults provided by a farm
company, where they are routinely used for breeding. Additionally,
38 individuals where information for gonadal sex and genotyping for
the sex marker was available were also used to check for the associa-
tion between genotypic and the phenotypic sex, thus totalling 134
individuals: 12 whole genome resequenced individuals (six males
and six females); six individuals used for anatomy/histology analysis
(126 dpf); and 10 juveniles and 10 fry (126 dpf) from the gPCR/RNA-

Seq assays.

2.9 | Gonad differentiation: Histological evaluation

Three fish per sex and stage were collected at 84, 98 and 126 dpf,
juveniles (315 dpf) and mature adults (810dpf) at Stolt Sea Farm SL
facilities and killed by decapitation. All fish were maintained at the
same standard temperature, air-flow and feeding conditions of the
usual production protocol of the company until being killed. Gonads
were dissected fresh for macroscopic evaluation and classified as
testes or ovaries by visual inspection in juveniles and adults. At the
three initial stages, the molecular tool outlined before was used for
sexing. Then, the gonads were fixed by immersion in 4% paraform-
aldehyde and later embedded in paraffin wax to be cut into sagit-
tal sections 3-6 pm and stained with haematoxylin-eosin for optical
microscopy evaluation. Experimental procedures for the use of farm
animals were carried out following the regulations of the University
of Santiago de Compostela and Stolt Sea Farm SA company and the
Guidelines of the European Union Council (86/609/EU).

2.10 | Gonad differentiation: Gene expression

Gene expression of the fshr gene along with several marker genes for
the initial stages of gonadal differentiation were evaluated through
PCR on five male and five female gonads at the five developmental
stages considered: 84, 98 and 126 dpf, juveniles and adults. Stages
were chosen considering histological data on S. senegalensis (this
study; Vinas et al., 2013) and previous information in S. maximus,
a species with a similar gonadal developmental pattern (Robledo
etal.,2015). RNA extraction was performed using the RNeasy mini kit
(Qiagen) with DNase treatment, and RNA quality and quantity were
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evaluated in a Bioanalyser (Bonsai Technologies) and in a NanoDrop
ND-1000 spectrophotometer (NanoDrop Technologies), respec-
tively. Primers for gPCR of the candidate gene (fshr, see Results),
and for ovary (cyp19al, aromatase) and testes (amh, anti-mullerian
hormone; sox9, SRY-Box Transcription Factor 9) markers (Robledo
et al., 2015), along with those related to germinal cell proliferation
(gsdf, gonadal soma-derived factor, and vasa, ATP-dependent RNA
helicase) were designed using the priMER 3 software using the anno-
tation of the S. senegalensis genome presented here. Reactions were
performed using a gPCR Master Mix Plus for SYBR Green | No ROX
(Eurogenetec) following the manufacturer's instructions, and gPCR
was carried out on an MX3005P (Agilent Technologies). Analyses
were performed using the mxpro software (Agilent). The ribosomal
protein S4 (rps4) and L17 (rpl17) genes, and ubiquitin (ubg), previously
validated for qPCR in turbot gonads by Robledo et al. (2014), were
used as reference genes. Two technical replicates were included for
each sample. The AACT method (Kubista et al., 2007) was used to
estimate gene expression; briefly, Ct values were normalized using
the reference genes, log-transformed and finally mean-centred to
obtain mean-centred fold change values which were used for sta-
tistical analysis. An unpaired Student's t test was used to determine
significant differences between sex at each stage.

Additionally, data from an ongoing RNA-Seq study on gonad dif-
ferentiation were used to validate diagnostic SNPs on the exons of
the SD candidate fshr gene and, in particular, to estimate gene ex-
pression of the X-linked and Y-linked alleles (see Results). Samples
of total RNA were delivered to Novogene-Europe for constructing
poly-A-enriched mRNA to be sequenced in 150-bp pair-end format
using an lllumina NovaSeq 6000 platform. Raw RNA-Seq reads were
filtered using rastp version 0.19.7 (Chen et al., 2018), trimming bases
with Phred quality <15 and reads with length<30bp, and then
each sample was aligned independently against the S. senegalensis
genome using sTAR version 2.7.9a (Dobin et al., 2013) using default
parameters. SNPs were identified using mpiLeup and the variant call-
ing command of ecrrooLs (Li, 2011). The resulting vcf file was used
to obtain read counts corresponding to each SNP. Then, for each
SNP (0: reference allele, 1: alternative allele in the S. senegalensis ge-
nome), homozygous females (0/0 or 1/1) and heterozygous males
(0/1) were identified using a read counting 28 for consistent geno-
typing to avoid misclassification of heterozygotes as false homo-
zygotes. Using genotyping across all exons, females (0/0, 1/1) and
males (0/1) were consistently identified, confirming the gonadal sex,
when gonads were histologically differentiated or when the genetic
sex was obtained using the molecular tool. Only those individuals
with consistent genotyping at 233% diagnostic SNPs of the fshr gene
were considered for further analysis. Then, the number of reads of
the X-linked allele (0 when females were 0/0 or 1 when females were
1/1) and of the Y-linked allele (the opposite: 1 when females were
0/0, or O when females were 1/1) were counted in each male for
all the stages evaluated. Reads of the X-linked and of the Y-linked
alleles were pooled across all exons for each individual and normal-
ized per million reads to be compared at each stage and across all
stages. Nonparametric paired-samples Wilcoxon tests were used to
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compare X-linked and Y-linked normalized counts across all stages

and at each stage.

2.11 | Protein structure modelling on X- and Y-
linked allelic variants of fshr: Comparison with other
Pleuronectiformes

We evaluated 3D protein structure models to infer potential func-
tional differences between X- and Y-linked allelic variants of FSHR.
To find potential template structures for modelling, a specific psi-
BLAST sequence search in the PDB was performed (https://blast.ncbi.
nlm.nih.gov/Blast.cgi) (Altschul et al., 1990). The identified template
structure showed unresolved regions which encompass nonsyn-
onymous mutations analysed in the present study. Two different
strategies for modelling were undertaken: I-TASSER (Zhang, 2008)
and RoseTTAfold (Baek et al., 2021). I-TASSER is a metaserver that
automatically employs 10 threading algorithms in combination with
ab initio modelling to build the tertiary structure of a protein as well
as replica-exchange Monte Carlo dynamics simulations for atomic-
level refinement. For comparison, a deep learning-based model-
ling method, RoseTTAFold (https://robetta.bakerlab.org), was also
applied. The putative presence of intrinsically disordered regions
in the proteins was investigated by the following predictors: poNDR
(Romero et al., 2001), pisoprep (Jones & Cozzetto, 2015), 1UPRED3
(Erdds et al., 2021) and proos (Ishida & Kinoshita, 2007).

To compare the evolutionary rate of the X- and Y-linked alleles of
the follicule stimulating hormone receptor (fshr) gene (SD candidate,
see Results) from the putative undifferentiated ancestor, the se-
quences of their encoded protein variants were compared to those
from other flatfish with confident annotation and chromosome-level
assemblies available in public databases. We took information of the
orthogroup corresponding to fshr from the analysis performed by de
laHerran et al. (2022) on S. senegalensis, Hippoglossus hippoglossus, H.
stenolepis, Paralychthys olivaceous, S. maximus and C. semilaevis, using
D. rerio as an outgroup. The protein sequence corresponding to S.
senegalensis in that analysis was replaced by the protein sequences
encoded by the X- and Y-linked alleles and, then, a phylogenetic tree
was constructed after whole sequence alignment using cLustaL w2
(Larkin et al., 2007). Phylogenetic reconstructions were performed
using the function “build” of eTe3 3.1.2 (Huerta-Cepas et al., 2016)
and an ML tree was inferred using pHymL version 20,160,115, where
branch supports were computed out of 100 bootstrapped trees
(Guindon et al., 2010).

3 | RESULTS
3.1 | Genome assembly and annotation
The initial assembly comprised 82 contigs with an N50 of 23.4 Mb

(sizes ranging from 0.3 to 30.1 Mb) for a total assembly size of
614Mb (Table S1). A high-density genetic map was used to place
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51 contigs, representing 98.9% of the whole assembly (607.9 Mb),
into the 21 chromosomes of the Solea senegalensis haploid karyo-
type (n = 21; Vega et al., 2002) (see below). This assembly is highly
contiguous (contig N50: 23.4 Mb, scaffold N50: 29.0 Mb) and
displays high consensus quality (QV = 43.17, which corresponds
with a sequence accuracy of 99.995%), and gene (98.4% Complete
BUSCO genes) and k-mer (98.18%) completeness (Table S1).
Consistent with the low percentage of duplicated BUSCOs (1.0%),
the k-mer spectra (Figure S1) did not reveal any evidence of artifi-
cial duplications. The repetitive peak observed at 360x probably
corresponds to true long repetitive regions captured by the nano-
pore reads (Figure S1).

Repetitive sequences made up to 8.2% of the S. senegalensis
genome (Table S2). These consisted of three main categories: sim-
ple repeats (2.8%), low-complexity motifs (0.3%) and transposable
elements (TEs) (4.7%). The TE-derived fraction was very similar to
that found in other high-quality flatfish genome assemblies, 5.8%
in Cynoglossus semilaevis (Chen et al., 2014) and 5.0% in S. maximus
(Figueras et al., 2016), respectively. The S. senegalensis genome dis-
played a higher TE proportion than Tetraodon nigroviridis and Fugu
rubripes (<3%), but much lower than that observed in other fish such
as Danio rerio (>40%) (Gao et al., 2016).

In total, 24,264 protein-coding genes producing 40,511 tran-
scripts (1.67 transcripts per gene) and coding for 37,259 unique
protein products were annotated (Table S3). We were able to assign
functional labels to 85% of the annotated proteins. The annotated
transcripts contained 12.79 exons on average, with 95.5% of them
being multi-exonic. The median length of the protein-coding genes
present in this annotation was 7566bp, a value that is consistent
with the annotation of the S. senegalensis genome assembly pub-
lished by Guerrero-Coézar et al (7368bp). In addition, 52,888 can-
didate noncoding RNAs were annotated (6871 IncRNAs and 46,017
sncRNAs).

3.2 | Genetic map construction and genome
scaffolding

2b-RAD-seq was used for genotyping three full-sib families, consist-
ing of 81 (Fam1), 77 (Fam2) and 71 offspring (Fam3) and the six cor-
responding parents (Table S4). The gstacks module rendered a total
of 156,981 loci, 35,441 of them containing at least one SNP, and
16,890, 15,457 and 16,715 SNPs were retained for map construc-
tion in Fam1, Fam2 and Fam3, respectively. These represent 29,126
unique SNPs (47.5 SNPs per Mb), with 4889 SNPs shared among the
three families.

Separate male and female genetic maps were built in each family.
A LOD score of 9.0 was applied to match with the n = 21 chromo-
somes of the species. The average number of markers per LG across
all maps was 434 (range: 93-694) (Tables S5 and S6). Female maps
were slightly longer than male maps (average F vs. M recombination

ratio of 1.1:1). Shared markers across families were used to build

the female, male and species consensus maps. The final species
consensus map included 28,838 markers across 21 LGs spanning
40,704.47 cM (Figure S2), a length exceeding that expected based
on genome size. This artefactual elongation is related to the limita-
tions of the software to accommodate such a number of markers in
a consensus framework from several individual maps, as previously
reported (Maroso et al., 2018).

Using cHROMONOMER, we anchored and oriented 51 of the initial
82 genome contigs to the 21 LGs of the consensus map (Table S7).
Those 51 contigs assembled represented 98.9% of the 614Mb of
the genome placed into the 21 chromosomes of the S. senegalensis
karyotype. Only one contig was split into two fragments assigned
to LG6 and LG9 (Figure 1). After this anchoring step supported by
the genetic map, the new genome significantly improved upon the
90.0% reported by Guerrero-Cozar et al. (2021) and it was similar
to other flatfish genomes recently assembled (Table S8). The new
assembly showed a one-to-one correspondence at the chromo-
some level with the previous version of Guerrero-Cézar et al. (2021)
(Figure S3; Table S5). However, the substantial fragmentation of the
previous version (1937 scaffolds vs. 82 contigs) gave rise to discrep-
ancies related to wrong orientation of many minor contigs across

most chromosomes.

3.3 | Cytogenetic map and mapping integration

A total of 141 BACs were used to anchor the LGs/scaffolds to
the chromosomes of the S. senegalensis karyotype using previous
BAC-FISH information (Table S9; Figure S4). On average 6.6 BACs
per scaffold were used to establish the correspondence between
the genetic, physical and cytogenetic maps (range: 4-14 BACs),
thus providing a robust mapping integration (Figure 1). Ten out
of 141 BACs were localized in more than one chromosome or in
different locations within the same chromosome, suggesting par-
alogous regions (Table S9). The minor 55 rDNA was located on Cé
and C11, while signals of the major rDNA (18S+1TS1+5.8) were
found at C6 and C20.

3.4 | Sexdetermining (SD) gene candidate

Whole-genome resequencing of six males and females identified a
total of 9,078,413 SNPs. A consistent pattern of genetic differen-
tiation between males and females (average Fs; = 0.304) and sig-
nificant heterozygote excess (average F,; = -0.519) was detected
at chromosome (C) 12, between 10,024,822 and 10,054,590bp
(Table S10; Figure 2).

This region included the 14 exons of the fshr gene and a
small fragment of the 5’ end (~8012bp) of neurexin, a long gene
(~227,983bp) involved in neuron synaptic connection (Figure 2). Out
of 284 SNPs within the fshr gene, 168 were heterozygous in males
and homozygous in females (sex diagnostic markers) consistent
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FIGURE 1 crcos plot of the genome map and anchored scaffolds in Solea senegalensis. From outer to inner circles are represented: the
21 LGs/chromosomes (tick marks every 100 cM); histograms of the number of markers per 50cM (in dark blue); brown lines anchoring the
genome scaffolds through collinear markers in the genetic map; the 51 anchored contigs (tick marks every 5 Mb); histograms of the number
of markers per Mb (in dark green); and the names of the scaffolds (in red those anchored in the reverse strand).

with the XX/XY system reported for this species (Molina-Luzén
et al., 2015) (Table S11). A total of 33 diagnostic variants were lo-
cated within exons of fshr (24 nonsynonymous), 16 of them in exon
14 (11 nonsynonymous) and five in exon 1 (three nonsynonymous).
The accumulation of nonsynonymous variants might suggest the de-
generation of the Y-linked fshr allele that could represent a nonfunc-
tional variant, although, as shown below, this is an expressed allele

involved on the SD mechanism of S. senegalensis.

3.5 | Amolecular tool for sexing

Three diagnostic SNPs surrounded by +100-bp conserved regions
(no polymorphisms) were selected for assessing genetic sex using a
SNaPshot assay. Three sets of three primers (two external and one
internal) were designed (Table $12) and tested in five males and five
females. One marker differentiated males and females and matched

the in silico genotype expectations, and was further validated in 48
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FIGURE 2 Genetic differentiation (Fs;) and intrapopulation fixation index (F ) between male and female populations at a section of C12
of Solea senegalensis (between 9372 and 11,072kb). The enlarged region corresponds to the follicle stimulating hormone receptor gene (fshr).

males and 48 females from the broodstock of an S. senegalensis farm
(SS-sex marker). In all but three fish, the genetic sex matched the
phenotypic sex. These three fish were phenotypic males sexed as
genetic females. Nonetheless, among a total of 134 fish with known
genetic and histological sex information in this study (see Section 2),

only these three males showed a discordant genotype (2.2%).

3.6 | Gonad differentiation: Gene
expression analysis

We analysed gene expression of fshr and other relevant genes for
gonadal differentiation (amh, cyp19al, gsdf, vasa and sox9a), from
the undifferentiated primordium until mature adults, including 84,
98 and 126dpf, juveniles (315dpf) and adults (810 dpf), using five
males and five females at each stage, sexed either macroscopically
or with the SS-sex marker (undifferentiated stages). Gonads were
macroscopically identified at all stages (Figure S5) and histological
observations were in accordance with previous information by Vifas
et al. (2013) (Figures S6-S8).

Interestingly, the fshr gene was significantly overexpressed in
males at all stages, despite the putative degeneration suggested for
the Y-linked allele, especially in juveniles, but even at the undifferen-
tiated 84 and 98 dpf stages (Figure 3), an observation corroborated
by RNA-Seq data (Figure S9). RNA-Seq was also used to check the
expression of the X-linked and the Y-linked fshr alleles, taking advan-
tage of the presence of diagnostic SNPs associated with each vari-
ant. Only one male from 84 dpf did not pass the filtering criteria (28
reads per SNP and 233% genotyped exons) and was excluded for the
analysis (Table S13). Interestingly, the Y-linked allele showed higher
expression than the X-linked allele across all stages (paired-samples
Wilcoxon test; p = 0) and at each stage (paired-samples Wilcoxon
tests; p<.05), even at 84 dpf (Y-linked: 19.853 vs. X-linked: 13.944,
total normalized read count), although was not significant at this stage
(p = .144) (Figure 4; Table S13). In adults of both sexes fshr expression
was nearly undetectable. Normalized read counts across the 14 exons
of fshr showed a very similar profile both in males and in females, and
no signs of alternative splicing were detected (Figure S10).

Additionally, marker genes of male (sox9a and amh) and female
(cyp19ala) gonadal differentiation and of germinal cell proliferation
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FIGURE 3 Box plots of the gPCR for the follicule stimulating hormone receptor SD gene of Solea sonegalensis and other key marker genes

across gonad development.

FIGURE 4 Number of counts for
the X- and Y-linked allelic variants

of the fshr gene across different

gonad developmental stages in Solea
senegalensis. Five replicates were
evaluated at each stage, but only those
passing the filtering genotyping criteria
were further analysed.
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(gsdf and vasa) were evaluated by qPCR (Figure 3). While adult

males and females hardly showed differential expression for the

genes evaluated, juveniles showed the greatest differentiation

for most of them. A progressive increase in expression was ob-

served for sex marker genes, cypl19alain females and amh in males,

concomitant with the two germinal cell proliferation markers, vasa

in females and gsdf in males. However, sox%a, a marker of testis

differentiation, showed higher expression in females, although not

as markedly as for cyp19a, until the juvenile stage, when the pattern

was reversed.
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3.7 | 3D structure and evolutionary rate of the
X- and Y-linked encoding follicule stimulating
hormone receptor

The model structures obtained by RoseTTAfold were of higher qual-
ity than those generated by I-TASSER (Table $14). The models of the
follicule stimulating hormone (FSH) receptor showed differences at
key sites of the protein involved in the reception of the hormone
and the G-coupled signal transduction domains (Figure 5). In par-
ticular, differences between the X- and Y-linked protein variants
were found in the three main external domains related to the hor-
mone binding, hairpin loop and hinge region domains (Ulloa-Aguirre
et al., 2018), suggesting that proper binding of the FSH could be af-
fected. Model structures highlighted the differences at the flexible
hairpin loop with eight variants falling within the LRR extracellular
domain (Figure 5a) that might alter the recognition properties of the
receptor (Figure 5b). Furthermore, the E326Q variant might affect
the backbone conformation, between residues 326 and 336 located
at the C-terminus of the hinge region which behaves as an internal
agonist unit for the receptor (Ulloa-Aguirre et al., 2018). On the in-
ternal side, related to signal transduction, the R365P replacement at
IL1, adjacent to the conserved K367, L368 and F373 residues, might
influence the interaction with the adapter protein APPL1; the 1439L
variant, close to the ERW motif, might affect activation of the G-
protein (Ulloa-Aguirre et al., 2018), and amino acid replacements at
IL3 (N529T, 1530V and P540H) might affect the stabilization of the
inactive conformation.

Furthermore, the X-linked variant of S. senegalensis showed
higher homology with the FSHR proteins of other flatfish species
(Figure S11), which indicates the divergence of the Y-linked allele
from the putative ancestor, as shown by the multiple amino acid
substitutions detected on the encoded protein. Together, the results
suggest that the Y-linked allele could be a nonfunctional allele but
expressed over the X-linked variant in males, although we cannot
exclude that a neofunctionalization process is involved.

4 | DISCUSSION
4.1 | A contiguous S. senegalensis genome assembly

The new genome assembly of Solea senegalensis is among the most
contiguous fish genomes assembled to date (Ramos & Antunes, 2022)
and meets the standards outlined by the Earth Biogenome Project
initiative  (https://www.earthbiogenome.org/assembly-standards).
The contiguity achieved (82 contigs; N50: 23.4 Mb) was facilitated

by the small proportion of low-complexity sequences; repetitive
elements only constitute 8.2% of the S. senegalensis genome, a
similar proportion to that reported in other flatfish species (Chen
et al., 2014; Figueras et al., 2016). The new S. senegalensis assembly
comprises 21 scaffolds corresponding to the n = 21 chromosomes of
its haploid karyotype (Vega et al., 2002) and contains 98.9% of the
whole assembly, similar to other flatfish genomes recently reported
(Einfeldt et al., 2021; Ferchaud et al., 2022; Jasonowicz et al., 2022;
LU et al., 2021; Martinez et al., 2021) and notably improved the
previous version reported by Guerrero-Cozar et al. (2021; 90.0%
assembled into chromosomes). The 21 scaffolds from our study
were associated with the corresponding chromosomes of this spe-
cies using previous BAC-FISH information (Ramirez et al., 2022),
thus providing a sound reference for comparative genomics and for
studying the genetic architecture of relevant traits, such as sex de-
termination. The new assembly displayed one to one chromosome
correspondence with the recently reported genome by Guerrero-
Cézaretal. (2021), but important discordances were detected across
all chromosomes, mostly related to orientation of minor scaffolds
due to the higher fragmentation of the previous assembly (1937
scaffolds). This upgraded S. senegalensis genome allowed the iden-
tification and annotation of 24,264 protein-coding genes coding for
37,259 unique protein products (85% with functional annotation),
along with 52,888 noncoding RNAs (6871 IncRNAs and 46,017
sncRNAs).

4.2 | The master SD gene of S. senegalensis

Guerrero-Coézar et al. (2021) reported a broad genomic region
(1.4 Mb) associated with sex at SseLG18 of S. senegalensis (Sse C12
in our study), compatible with a nascent XX/XY system. They sug-
gested an SD mechanism with incomplete penetrance and pro-
posed fshr as the most promising master SD gene among the tens
of genes existing in that region (43 in our genome), considering its
role in gonad development and previous information on SD in the
flathead grey mullet (Curzon et al., 2021). These authors prompted
for more refined association studies and functional information to
validate this gene. Here, we showed that fshr was the only complete
gene within the region of maximum association and demonstrated
the presence of a Y-linked fshr allelic variant (fshry) in S. senegalen-
sis, compatible with the proposed XX/XY SD system and congruent
with phenotypic sex in 97.8% of the individuals analysed. Genetic
differentiation between males and females (29 kb) included only the
full fshr gene (~9 kb), although a small fragment of the 5’ end of neu-
rexin gene, involved in neuron synapsis, was detected at the least

FIGURE 5 Molecular modelling of the follicule stimulating hormone receptor (FSHR) encoded by X- and Y-linked alleles of the sex
determining fshr gene of Solea senegalensis. (a) Structure-based sequence alignment of the two variants. Different domains and regions of
the receptors are also indicated (Ulloa-Aguirre et al., 2018): ECD, leucine-rich repeat (LRR) extracellular domain; TM, transmembrane helix;
EL, extracellular loop; IL, intracellular loop. (b) 3D model structures represented as coloured ribbons. Colour code is the same as for (a): grey,
N-terminus and C-terminus; orange, ECD; light blue, hairpin loop; green, hinge; purple blue, TMD. Nonconserved residues between Y- and

X-linked variants are shown in red.
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associated region. Our results strongly support an SD system mainly
driven by a single gene, unlike the previous report by Guerrero-
Cozar et al. (2021), who suggested a genetic SD system with incom-
plete penetrance involving significant environmental influence. The
existence of minor genetic or environmental factors influencing SD
has been usually reported, even in species with sound genetic SD
systems (Martinez et al., 2014).

The fshry coding region showed a high number of sex diagnos-
tic variants (33), heterozygous in males and homozygous in females,
24 of them representing nonsynonymous substitutions, which sug-
gests a divergent function or a nonfunctional allele. This hormone
receptor is G protein-coupled with seven transmembrane domains
linked to an adenyl cyclase for intracellular transduction of the signal
(Levavi-Sivan et al., 2010; Ulloa-Aguirre et al., 2018). Interestingly,
many nonsynonymous variants were located at exon 14 and exon
1, which are part of the intracellular and extracellular domains re-
lated to signal transduction and hormone reception, respectively.
In fact, 3D structure modelling supports significant differences
between both FSHR isoforms at several key extracellular (hormone
receptor, hairpin loop and hinge) and intracellular (internal loops,
C-tail) domains. Also, the phylogenetic analysis performed within
Pleuronectiformes using Danio rerio as an outgroup showed a diver-
gence of the Y-linked variant from the putative ancestor, associated
with the nonsynonymous substitutions detected with respect to
the X-linked variant, closer to other flatfish. Nonetheless, fshry was
not only expressed at all stages of gonadal development, but also
at a higher level than the X-linked allele (fshrx). Moreover, we could
not detect evidence of a duplication of the fshr gene in the male
S. senegalensis genome assembled by Guerrero-Cozar et al. (2021),
which could suggest an extra copy of fshr gene on the Y chromo-
some taking over the process of SD in the species, as reported in
other fish (Matsuda et al., 2002; Hattori et al., 2012; see for review
Martinez et al., 2014). Consequently, the fshry allele appears to be
the key factor for the male fate of the undifferentiated primor-
dium. A similar SD mechanism has been reported in flathead grey
mullet, where an fshry allele including only two nonsynonymous
variants was suggested to be responsible for the male fate of the
undifferentiated primordium (Curzon et al., 2021). Considering the
24 nonsynonymous variants detected, it can be speculated that the
mechanism driven by the fshry allele might be at a more advanced
evolutionary stage in S. senegalensis than in flathead grey mullet, and
in fact, Ferraresso et al. (2021) reported interpopulation variation of
the fshry in flathead grey mullet, suggesting incomplete penetrance
and a recent evolutionary origin of the SD gene.

The expression of fshr measured by both gPCR and RNA-Seq was
consistently higher in males than in females starting at 84 dpf (un-
differentiated gonads), and this difference increased progressively
until the juvenile stage. In females, expression was very low at most
stages, with the exception of 98 and 126 dpf, and in adults, where
expression was nearly undetectable in both males and females. The
higher expression of fshr in males has also been reported in other
fish species such as clownfish (Kobayashi et al., 2017) and flathead
grey mullet (Curzon et al., 2021), and in addition, knocking-out the

fshr gene produced female to male sex reversal in zebrafish and me-
daka (Murozumi et al., 2014; Zhang et al., 2015). Furthermore, fshr has
been suggested as the masculinization transducer of cortisol via sup-
pression of germinal cell proliferation in response to high temperature
during the sex determination period in medaka (Hayashi et al., 2010).

Analysis of fshr and other key genes at the initial stages of gonad
differentiation in S. senegalensis revealed a progressive differen-
tial upregulation of fshr, amh and gsdf in males, while cyp19al and
vasa displayed a similar pattern in females. It should be noted that
the expression of amh, a marker gene of testis development, also
documented as a master SD gene in several fish species (or its re-
ceptor amhr), has been reported to be down-regulated by the FSH
(Sambroni et al., 2013), so impairing its function could activate the
testis pathway.

Together, our data strongly support fshr as the master SD gene
of S. senegalensis and suggest that the fshry allele could be hamper-
ing the action of the FSH, driving the undifferentiated gonad toward
testis, potentially by avoiding the suppression of amh activity. We
hypothesize that the presence of 11 and three nonsynonymous vari-
ants in the intra- and extracellular domains of the receptor, respec-
tively, should affect the transduction signal of fshr, thus blocking
FSH signalling. Also, the FSHRYy protein could alter trafficking of the
FSH receptors in the endoplasmic reticulum, impeding their final in-
tegration in the cell membrane, and thus hampering FSH function, as
reported in humans (Ulloa-Aguirre et al., 2018; Zarifian et al., 2010).
Alternatively, neofunctionalization of fshry could be another expla-
nation, but additional data would be necessary to understand how it

could be involved in the testis triggering pathway.

4.3 | Diversification of the SD gene in
Pleuronectiformes

Consistent chromosome orthology has been recently reported
within flatfishes taking advantage of their chromosome-level
genome assemblies facilitated by their compact genomes (de
la Herran et al., 2022; Jasonowicz et al.,, 2022; Lu et al., 2021;
Martinez et al., 2021). According to this information, the SD gene-
bearing chromosome of S. senegalensis, Sse C12, would not be
orthologous to any other consistently proven SD chromosome
in flatfish species. The low differentiated Z and W chromosomes
of Cynoglossus semilaevis (tongue sole, Chen et al., 2014), as re-
cently reported when compared to Scophthalmus maximus (tur-
bot, Martinez et al., 2021), matched to a single S. senegalensis
chromosome, Sse Cé, which in turn is syntenic to the SD-Hst9
of Hippoglossus stenolepis (Pacific halibut, Drinan et al., 2018)
(Figure S12). This reinforces the orthology of sex chromosomes of
C. semilaevis and H. stenolepis, not being conserved in other flatfish
(Martinez et al., 2021), although the dmrt1 SD gene of C. semilaevis
(Chen et al., 2014) is different from the candidate SD gene recently
suggested for H. stenolepis, bmprlba, pertaining to the TGF-§ fam-
ily (Jasonowicz et al., 2022). Moreover, conserved synteny with
another S. senegalensis autosome (Sse C5) was observed for the
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H. hippoglossus (Atlantic halibut) SD chromosome, Hhil12, where
gsdf has been identified as the most likely master gene for the XX/
XY SD system in this species, recently derived from an ancestral
ZZ/ZW in the sister Hippoglossus species, as recently reported
(Edvardsen et al., 2022; Einfeldt et al., 2021). Interestingly, Sse
C12 is orthologous to the S. maximus Sma C18, where a minor SD
quantitative trait locus was identified and where sex-associated
markers were detected in brill (Sc. rhombus), a congeneric XX/
XY species of turbot (Taboada et al., 2014). Moreover, Sse C12
is syntenic to chromosome 21 of Reinhardtius hippoglossoides
(Greenland halibut), where sox%9a was suggested as a possible SD
candidate gene of this XX/XY species, although other genes, such
as gdfé and sox2 in chromosome 10, were also suggested as po-
tential candidates (Ferchaud et al., 2022). The latter gene, sox2,
would point to a similar SD system to that reported in Sc. maximus
(Martinez et al., 2021). The syntenic relationships between flat-
fish adds evidence to the huge heterogeneity of SD systems in
Pleuronectiformes, even between closely related species (Drinan
et al., 2018; Einfeldt et al., 2021; Ferchaud et al., 2022; Martinez
et al., 2021), but also highlights the independent recruitment of
major SD drivers from common gene families (e.g., fshr, dmrt, amh,
gsdf or sox) across different fish and vertebrate species (Guiguen
et al., 2019; Martinez et al., 2014).

5 | CONCLUSIONS

The chromosome-level Solea senegalensis genome assembly re-
ported in this study is among the most contiguous fish assemblies to
date. Its integration with previous resources has generated a robust
genomic framework for future studies in this important commercial
species. This new high-quality assembly enabled the identification
of a very consistent SD gene for the species, the follicle stimulating
hormone receptor (fshr), a new SD gene reported for the first time in
Pleuronectiformes. Our hypothesis, supported by functional data, is
that the Y-linked variant (fshry), through some unknown mechanism,
reduces FSH signalling, impeding the down-regulation of amh and
thus driving the undifferentiated gonad toward testis, although we
cannot exclude a putative neofunctionalization of this allelic variant.
This information allowed us to validate a molecular tool for sexing,
very useful for production and for management of wild populations

of S. senegalensis.
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